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INTRODUCTION 

Most c u r r e n t  p r o c e s s e s  f o r  upgrading c o a l  t o  c l e a n e r  f u e l s  r e q u i r e  s t r i n g e n t  
r e a c t i o n  condi t ions  of  h i g h  temperatures  and pressures .  Less s e v e r e  r e a c t i o n  con- 
d i t i o n s  a r e  needed to  make c o a l  upgrading economically f e a s i b l e .  The o b j e c t i v e  o f  
t h i s  work w a s  t o  i n v e s t i g a t e  c a t a l y s t  systems f o r  upgrading of c o a l  t o  c lean  f u e l s  
under moderated condi t ions .  In t h i s  work, homogeneous a c i d  c a t a l y s t s  a r e  of par- 
t i c u l a r  i n t e r e s t  because they  a l low i n t i m a t e  c o n t a c t  wi th  t h e  coa l ,  they a r e  n o t  
l i a b l e  t o  c o a l  ash  f o u l i n g ,  and they  a r e  e a s i l y  recovered from the c o a l  ash.  

The most common homogeneous c a t a l y s t s  s t u d i e d  i n  c o a l  upgrading belong t o  t h e  
genera l  c l a s s  of molten s a l t  c a t a l y s t s ,  (1-5) and inc lude  h a l i d e  salts of antimony, 
bismuth, aluminum, and many of t h e  t r a n s i t i o n  metals. Most of ten ,  t h e s e  molten s a l t s  
have been s t u d i e d  a t  h igh  tempera ture ,  and i n  massive excess .  (1-5) W e  have perform- 
ed a sys temat ic  s tudy  o f  t h e  use  of some of these  molten s a l t s  a s  t h e  homogeneous 
ac id  c a t a l y s t s  f o r  upgrading of c o a l  a t  r e l a t i v e l y  low temperatures  and moderate 
q u a n t i t i e s .  

I n  our i n i t i a l  work to  e s t a b l i s h  r e l a t i v e l y  mild r e a c t i o n  condi t ions  t h a t  would 
s t i l l  give r e l a t i v e l y  good conversions,  we conducted a s e r i e s  of experiments  t o  
determine t h e  r o l e  of  Wl, A l C l 3 ,  and H2 i n  c o a l  hydrocracking.  
e f f e c t s  of temperature  and r e s i d e n c e  t i m e ,  s t u d i e d  c a t a l y s t / c o a l  weight  r a t i o s  of 
1:l t o  3:1, and f i n a l l y  chose t h e  s tandard  r e a c t i o n  condi t ions  for  t h e  screening  of 
s e v e r a l  ac id  c a t a l y s t s .  
r e s u l t s .  

We examined t h e  

This paper  summarizes t h e  exper imenta l  s t u d i e s  and our  

EXPERIMENTAL STUDIES. 

We used I l l i n o i s  No. 6 c o a l ,  which was pulver ized  by b a l l  m i l l i n g  under n i t rogen  
t o  60 mesh and then u s u a l l y  d r i e d  i n  a vacuum oven at 115OC overn ight .  
S t a t e  Univers i ty  s u p p l i e d  b e n e f i c i a t e d  c o a l  samples (PSOC-26) as w e l l  a s  an unbene- 
f i c i a t e d  sample (PSOC-25) f o r  u s e  i n  some experiments .  The r e a c t o r  used was e i t h e r  
a rocking  500-ml a u t o c l a v e  f u l l y  l i n e d  wi th  Teflon,  o r  a 300-ml Haste l loy  C Magne- 
Drive s t i r r e d  au toc lave  from Autoclave Engineers .  Standard te t rahydrofuran  (THF) and 
p y r i d i n e  s o l u b i l i t i e s  were determined f o r  t h e  d r i e d  product  c o a l  by s t i r r i n g  a 0.50 g 
sample of t h e  product  c o a l  i n  50 rnl THF o r  p y r i d i n e  a t  room temperature  f o r  1 h r ,  
f i l t e r i n g  t h e  mixture  i n  a medium p o r o s i t y  s i n t e r e d  g l a s s  f i l t e r ,  and then  washing 
t h e  res idue  w i t h  f r e s h  s o l v e n t  ('b 50 m l )  u n t i l  t h e  washings were c l e a r .  

Pennsylvania 

RESULTS AND DISCUSSION 

I n  a s e r i e s  of r u n s  i n  a rocking  Teflon-l ined au toc lave ,  we f i r s t  s t u d i e d  t h e  
r o l e  of fic1, AlCl3, and H2 i n  c o a l  hydrocracking,  us ing  5 g each of  AlCl3 and c o a l ,  
a t  190°C ( j u s t  above t h e  m e l t i n g  p o i n t  of AlCl3), f o r  15  and 5 hr .  
F igure  1, one o r  more of  t h e  t h r e e  components were absent  i n  Runs 1 t o  6 and 9, and 
i n  each case no i n c r e a s e  i n  THF and p y r i d i n e  s o l u b i l i t i e s  was observed.  I n  Run 10, 
where a l l  t h r e e  components were p r e s e n t ,  s o l u b i l i t i e s  i n c r e a s e d  s u b s t a n t i a l l y ,  sug- 
g e s t i n g  t h a t  t h e  AlC13/HCl system w a s  a c t i v e .  
por tance  of HC1 i n  t h e  system under these  c o n d i t i o n s ,  however t h e  r e s u l t s  a r e  not  
unequivocal. 
groups and t r a c e s  of  water ,  undoubtedly hydrolyzes  some of t h e  A l C l 3 ,  producing H C L  

A s  shown i n  

Runs 7 and 10 serve  t o  a s s e s s  t h e  ip 

Here, t h e  presence  i n  t h e  c o a l  of pro ton  sources ,  such as phenol ic  

118 



These runs  i n d i c a t e  t h a t  no added H C 1  is r e q u i r e d  f o r  c o a l  hydrocracking at t h e s e  
lower temperatures. 

A t  h igher  r e a c t i o n  temperatures  (210OC) and s h o r t e r  r e a c t i o n  time (5 h r )  on t h e  
o t h e r  hand, the  added €IC1 c l e a r l y  i n c r e a s e s  t h e  conversion (Runs 2 1  and 25) ,  suggest-  
i n g  t h a t  the  e f f e c t i v e  c a t a l y s t  i n  t h e  system must c o n t a i n  t h e  elements  of H C 1  and 
AlCl3. 

Next, w e  s t u d i e d  t h e  e f f e c t  of  p o t e n t i a l  H-donor hydrocarbons and temperature .  
We based our  work on t h e  r e s u l t s  of S i s k i n , ( 5 )  who found t h a t  s a t u r a t e d ,  t e r t i a r y  
hydrocarbons s e r v e  as e f f e c t i v e  hydride donors i n  t h e  s t r o n g  acid-promoted hydro- 
genolys is  of benzene. I n  o u r  system they proved i n e f f e c t i v e  (Runs 1 7 ,  22, 24, and 
26, F igure  1). Higher temperatures  a l lowed s h o r t e r  r e a c t i o n  times. The r e s u l t s  f o r  
Run 18 (only 5 h r  a t  195°C) are comparable t o  t h o s e  f o r  Runs 7 and 1 0  (15 h r ,  190'C). 
Runs a t  195'C f o r  15 hr w e r e  s i g n i f i c a n t l y  more e f f e c t i v e ,  and t h e  convers ion  
Run 12 a t  5 h r  and 210°C is about  t h e  same as t h a t  of Run 16 f o r  1 5  h r  a t  195°C. 

f o r  

Next, w e  s t u d i e d  t h e  e f f e c t s  of t h e  r e a c t i o n  per iod  and c a t a l y s t  t o  c o a l  weight 

We f i r s t  compared t h e  e f f e c t s  of t h e  c a t a l y s t /  
r a t i o  on both t h e  product  c h a r a c t e r  and t h e  c o a l  product  y i e l d s  i n  both  t h e  Teflon- 
l i n e d  and the  Has te l loy  C au toc laves .  
c o a l  r a t i o  and a t  a weight r a t i o  of  1 . 0 , ' t h e  two systems y ie lded  products  wi th  
s t r i k i n g l y  d i f f e r e n t  p y r i d i n e  s o l u b i l i t i e s :  about  60% with t h e  Tef lon  equipment. 
I n c r e a s i n g  the  c a t a l y s t / c o a l  r a t i o  t o  2 .0  increased  s o l u b i l i t i e s  t o  above 90%, b u t  
a f u r t h e r  r a t i o  i n c r e a s e  a c t u a l l y  caused s o l u b i l i t i e s  t o  decrease s l i g h t l y .  The 
s o l i d  product  recovery a l s o  decreased wi th  i n c r e a s i n g  c a t a l y s t / c o a l  r a t i o .  A t  a 
2.0 r a t i o ,  only about  h a l f  t h e  c o a l  was recovered as a s o l i d  product. The o t h e r  
h a l f  w a s  g a s i f i e d .  
however, t h e  pyr id ine-so luble  f r a c t i o n  d i d  not  m e l t  even up t o  280'C. The c o a l  
products  from t h e  Teflon-l ined r e a c t o r  have c o n s i s t e n t l y  h igher  H / C  r a t i o  than t h o s e  
from t h e  Has te l loy  C r e a c t o r .  
au toc lave  sur face  on t h e  resul ts ,  but  p a s s i v a t i o n  o f  t h e  metal  s u r f a c e  by some 
minimum quant i ty  of c a t a l y s t  i s  p a r t  of t h e  answer. 
Tef lon  s u r f a c e  is h e l p f u l .  

The s o f t e n i n g  p o i n t  f o r  t h e  THF-soluble f r a c t i o n  was about  150°C; 

We have no d e t a i l e d  explana t ion  f o r  t h e  e f f e c t  of 

Whatever t h e  mechanism, t h e  

I n  runs over  vary ing  r e s i d e n c e  times i n  t h e  Has te l loy  C au toc lave  a t  a c o n s t a n t  
2.0 c a t a l y s t / c o a l  r a t i o ,  w e  observe s i g n i f i c a n t  d i f f e r e n c e s  i n  g a s i f i c a t i o n .  
of 5 h r  down t o  90 min, s o l i d  product  recovery was 45 t o  50%. 
s o l i d  product  recover ies  were 66 t o  72%. The H/C v a l u e s  f o r  t h e  i s o l a t e d  s o l i d  
product  coa ls  f o r  a l l  six r u n s  were remarkably similar, from 0.82 t o  0.85. S i m i l a r l y ,  
a l l  c o a l  products  have p y r i d i n e  s o l u b i l i t i e s  g r e a t e r  than  90%. 
may expla in  these  da ta .  

In runs  
In t h e  45 min runs ,  

The fo l lowing  scheme 

The c a t a l y s t  system g a s i f i e s  some of t h e  c o a l  d i r e c t l y  t o  methane and ethane.  
T h i s  r e s u l t ,  and t h e  e f f e c t s  of temperature  on c o a l  conversion,  a r e  shown i n  Table 1. 

The Table shows d a t a  from runs  a t  210°C f o r  r e a c t i o n  t i m e s  from 45 m i n  t o  5 h r ,  
and a t  300'C f o r  experiments  a l l  f o r  90 min.( the 210°C d a t a  are from an earlier phase 
of  our  work, where t h e  g a s i f i c a t i o n  w a s  no t  q u a n t i f i e d .  
determined by d i f f e r e n c e .  
were determined independent ly ,  and thus  t h e  mass balances  f o r  these  r u n s  are not  
e x a c t l y  100%). 

Thus t h e  g a s i f i c a t i o n  was 
For  t h e  30OoC work, t h e  q u a n t i t i e s  of g a s e s  and r e s i d u e  

From the lower temperature  r e s u l t s ,  i t  is  seen t h a t  t h e  degree of  g a s i f i c a t i o n  
i n c r e a s e s  wi th  i n c r e a s i n g  r e a c t i o n  t i m e .  The s o l i d  c o a l  products  from t h e s e  runs  
are a l l  h ighly  p y r i d i n e  s o l u b l e ,  and have e f f e c t i v e l y  t h e  same H/C r a t i o ,  of  0.83 - 
0.84. (The H/C r a t i o  of t h e  s t a r t i n g  c o a l  is 0.79). 

The 300'c runs are a l l  f o r  90 min, and experiments  83 and 85 show s t r i k i n g  
degrees  of g a s i f i c a t i o n .  F u l l y  go+% of t h e  carbon i n  t h e  c o a l  was converted t o  a 
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50:50 mixture  of  methane and e thane  i n  t h e s e  experiments .  The n e x t  t h r e e  runs were 
run  without  HC1 p r e s e n t ,  and a cumulat ive e f f e c t  of  its absence i s  seen.  The 
degrees  of g a s i f i c a t i o n  d e c l i n e  s e v e r e l y ,  and t h e  s o l i d  c o a l  products  recovered 
a l l  have lessened  p y r i d i n e  s o l u b i l i t i e s  and H / C  r a t i o s .  
w a s  observed by Kawa, e t  a l .  (2) .  

A similar e f f e c t  f o r  H C 1  

These d a t a  can be e x p l a i n e d  by t h e  fol lowing scheme. 

Run Residence Coal Residue 
T i m e  % Rcvdl % Pyr I H / C  

Coal 1 Coal Prod. 2~ c1 -I- c- 

% 
Coal 

H / C  = 0.79 H 2 / C a t .  H/C = 0.83 H 2 / C a t .  

I 

21ooc 

67 5 h r  39 97 0.83 61b 

46" 48 87 0.82 52b 

41  4 h r  49 9 1  0.84 51b 

66 90 m i n  41 96 0.85 53b 

6gd 45 min 72 93 0.82 28b 

71 66 97 0.84 34b 

30OoC 

83  90 m i n  1 8  78 , 0.12 96 

85 1 8  83  0.74 90 

30 60 0.75 72 

49 31 0.68 56 

I88  1 " I 68 I 28 I 0.641 36 1 

Char 

H2/no Cat. T C  = 0.75 .-e 0.64' 

Run 
Without 

H C 1  

Table 1 

THE EFFECT OF RESIDENCE TIMES ON COAL GASIFICATION 

(4 g I l l i n o i s  No. 6 c o a l ,  8 g A l C l 3 ,  500 p s i  HC1, 
800 p s i  H?,  i n  a 300 m l  s t i r r e d  Has te l loy  C a u t o c l a v e )  

L 

aBased on 4 g o f  c o a l .  

bAssumed, based  on unaccounted f o r  material. 

'Run w i t h  3 g c o a l  and 6 g AlC13.  

S teps  1 and 2 are impor tan t  i n  t h e  presence of  an e f f e c t i v e  c a t a l y s t  and 3 becomes 
Thus, 

A t  
compet i t ive  w i t h  no e f f e c t i v e  c a t a l y s t  p r e s e n t .  
t h e  hydrogen-rich, pyr id ine-so luble  c o a l  product  accumulates  and can  be  i s o l a t e d .  
h igh  temperatures ,  t h e  r e l a t i v e  r a t e s  of  S teps  1 and 2 a r e  reversed ,  k > kl, and 
g a s i f i c a t i o n  i s  t h e  major e f f e c t .  
c a t a l y s t  e f f e c t i v e n e s s ,  S t e p s  1 and 2 a r e  suppressed and 3 becomes dominant. 

A t  lower tempera tures ,  k l  > k2. 

F i n a l l y ,  when t h e  e l i m i n a t i o n  of  HC? reduces the  
Thus 
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A1C13 
t h e  lessening  degrees  of  g a s i f i c a t i o n ,  t h e  c o a l  r e s i d u e s  appear  to  be i n c r e a s i n g l y  
cross- l inked and deple ted  i n  hydrogen, p o s s i b l y  a r e s u l t  of  chemis t ry  a t  t h e  a u t o -  
c l a v e  surface.  

is n o t  on ly  i n e f f e c t i v e ,  i t  promotes char  formation.* Moreover, w i t h  

Severa l  a c i d  c a t a l y s t s  were screened i n  two s e r i e s  of tests a t  two c a t a l y s t  
concent ra t ion  l e v e l s ,  21O0C, 5 h r ,  800 p s i  Hg, and 0.7 HX (X = B r ,  C 1 ,  o r  F). We 
found c a t a l y s t  a c t i v i t y  t o  vary cons iderably  from one series t o  t h e  n e x t  (Table 2 ) .  
C a t a l y s t  c o a l  r a t i o  f o r  t h e  f i r s t  series w a s  1:l. A l l  c a t a l y s t s  s t u d i e d  a t  t h i s  
r a t i o ,  except  AlBr3 and A l C 1 3 ,  were i n e f f e c t i v e ,  reducing THF and p y r i d i n e  s o l u b i l i -  
t ies s i g n i f i c a n t l y ,  perhaps because of i n t e r n a l  condensat ion i n  t h e  s t a r t i n g  c o a l .  
The c o a l  products  i n  t h e s e  runs are probably h ighly  c ross - l inked .  
s i d e r a b l y  more e f f e c t i v e  than  A1Br3, and HBr  a l o n e  (Run 30) w a s ,  n o t  s u r p r i s i n g l y ,  
i n e f f e c t i v e .  We found HC1 t o  behave s i m i l a r l y  (Run 4, F igure  1 ) .  Thus, t h e s e  
r e s u l t s  i n d i c a t e  a c a t a l y s t  e f f e c t i v e n e s s  of  
% TaF5 % NiSO4 

AlCl3 w a s  con- ' 

A l a 3  > MBr3 >> SbC13 % SbF3 % ZnC12 
Cos04 I HBr. 

Next w e  r a n  a more e x t e n s i v e  series w i t h  t h e  c a t a l y s t s  p r e s e n t  a t  a c o n s t a n t  
Here w e  found r a t i o  of 0.045 

(AA = ace ty lace tona te) .  I n  t h i s  second series w e  found f i r s t  t h a t  TaF5, which Sisk in  
(6)  found t o  e f f e c t i v e l y  hydrocrack benzene t o  mixed hexanes, i s  n o t  a t  a l l  e f f e c t i v e  
under our  condi t ions .  S i m i l a r l y ,  ZnC12, t h e  w e l l  known c o a l  convers ion  c a t a l y s t ,  is  
not  e f f e c t i v e  under these  condi t ions ,  perhaps because under  o u r  r e l a t i v e l y  mild con- 
d i t i o n s ,  ZnClZ i s  n o t  molten (mp, 283°C). F i n a l l y ,  t h e  f a v o r a b l e  antimony bromide 
and c h l o r i d e  r e s u l t s  are s i m i l a r  t o  t h o s e  r e p o r t e d  by S h e l l  (1) .  

c a t a l y s t / 4  g c o a l ,  e q u i v a l e n t  t o  6 g AlC13/4 g c o a l .  
SbBr3 t3 SbC13 > AlBr3 > A1C13 > Ni(AA)2 > TaF5 >> SbF5 MoC15 I WC16 

I n  Run 35 (Table  2 ) ,  with  AlC13/HCl, w e  used unbenef ic ia ted  coa l .  Here, t h e  
THF s o l u b i l i t y  of the product  c o a l  i n c r e a s e d  by almost a f a c t o r  of 2 ,  to 40%. 
pyr id ine  s o l u b i l i t y  increased  s l i g h t l y ,  t o  66%. Since p y r i d i n e  is g e n e r a l l y  a 
b e t t e r  so lvent  f o r  c o a l  l i q u i d s  than  is THF, t h e  cons iderable  i n c r e a s e  i n  THF solu-  
b i l i t y  sugges ts  t h a t  more lower molecular  weight  products  are obta ined  when unbene- 
f i c i a t e d  c o a l  i s  used. Also ,  t h e  minera l  matter p r e s e n t  i n  t h e  unbenef ic ia ted  c o a l  
c l e a r l y  a i d s  i n  t h e  ac id-ca ta lyzed  hydrocracking process ,  sugges t ing  that t h e  mineral  
matter i n  t h e  c o a l  i s  a n  e f f e c t i v e  c a t a l y s t  under a c i d  c o n d i t i o n s .  

The 

SUMMARY OF RESULTS 

We now have e s t a b l i s h e d  a set of r e l a t i v e l y  mild exper imenta l  c o n d i t i o n s  f o r  
c o a l  conversion and have i d e n t i f i e d  s e v e r a l  homogeneous a c i d  c a t a l y s t s ,  which under 
t h e s e  condi t ions  can conver t  the  c o a l  a lmost  completely t o  pyr id ine-so luble  m a t e r i a l .  
The r e a c t i o n  c o n d i t i o n s  f o r  A l C l 3  are 210°C, 45 min, 2 : l  AlCl3/coal  weight  r a t i o ,  
500 p s i  H 2 ,  800 p s i  HC1. 
r a t i o ,  the  e f f e c t i v e n e s s  of t h e  c a t a l y s t s  f o r  conversion i s  

When a cons tan t  molar r a t i o  of c a t a l y s t  i s  used, t h e  o r d e r  is: 

Also, we have observed t h a t  w i t h  1:l c a t a l y s t / c o a l  weight 

A1c13 > 

SbBr3 % SbC13 5 A 1 B r 3  > A1C13 > Ni(AA)z > TaF5 >> SbF5 % MoC15 

We have discovered t h a t  adding H C 1  t o  A l C 1 3  s i g n i f i c a n t l y  enhances conversion 
f o r  runs wi th  s h o r t  res idence  t i m e  (5 h r  o r  s h o r t e r )  a t  210°C. Under similar reac t ion  
condi t ions ,  a Tef lon- l ines  r e a c t o r  y i e l d s  c o a l  products  w i t h  g r e a t e r  H/C va lues  than 
does t h e  Has te l loy  C r e a c t o r .  Residence t i m e  a l s o  has  a s i g n i f i c a n t  e f f e c t  on gasi- 
f i c a t i o n ,  More t h a n  50% of  t h e  c o a l  is g a s i f i e d  f o r  r e s i d e n c e  t imes  of  95 min o r  
longer ;  30% i s  g a s i f i e d  a t  45 min. 
r e a c t i o n  temperature ,  M C l j / c o a l  weight r a t i o  of  2 :1 ,  and wi th  H C 1  added, about 90% 
of t h e  c o a l  is converted t o  methane and ethane.  
*The e f f e c t  of  HC1 absence i s  expla ined  by t h e  need f o r  p a s s i v a t e d  reac tor  
surfaces. 
are s i g n i f i c a n t l y  improved. 
comparable t o  those  shown here.  

>> SbClg % SbF3 % ZnC12 % TaF5 5 NiS04 5 CoS04. 

WCl6. 

F i n a l l y ,  w e  have e s t a b l i s h e d  t h a t  a t  300'C 

When t h e s e  r e a c t i o n s  are run  i n  f u l l y  Teflon-l ined r e a c t o r s ,  t h e  r e s u l t s  
Considerably lower c a t a l y s t / c o a l  r a t i o s  provide r e s u l t s  
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Table 2 

TREATMENT OF ILLINOIS  NO. 6 COAL 
W I T H  Hz/STRONG A C I D  SYSTEMS 

I I  

aIn  t h i s  s e r i e s  of experiments ,  5 g of coa l  was t r e a t e d  a t  210OC f o r  5 hr  i n  a 
Teflon-l ines  autoclave.  b Moisture-ash-free b a s i s .  C Unbeneficiated c o a l  was 

A s t i r r e d  Hastt 
C autocalve w a s  used. e NO = Not determined. 
These experiments used 0.045 moles of c a t a l y s t  p e r  4 g coa l .  
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